ABSTRACT: Vitamin E stabilization successfully improved long-term oxidation resistance of wear-resistant ultra-high-molecularweight polyethylene (UHMWPE) used for joint implants. Stabilization can be achieved by blending an antioxidant into the UHMWPE resin powder before consolidation and irradiation. Balancing the wear resistance and vitamin E content in the blend is the current challenge with this approach, because vitamin E hinders crosslinking of UHMWPE during irradiation, which decreases wear resistance. The vitamin E concentration in the blend is generally limited to less than 0.3 wt%. Wear-and oxidation-resistant UHMWPE has been obtained previously by consolidating blends of pre-irradiated UHMWPE powders (XPE) into an unmodified polyethylene matrix (PE), where the improvement in wear rate depended on the radiation dose and fraction of XPE. We hypothesized that increasing the vitamin E content in the unirradiated matrix would not compromise wear and would further improve the oxidative stability of XPE/PE blends. Pin-on-disk wear testing showed that the XPE/PE blends containing 0.1-1.0 wt% vitamin E in the matrix had comparable wear rates. We used an aggressive accelerated aging test in the presence of the pro-oxidant squalene and oxidation induction time (OIT) test and found that higher amounts of vitamin E resulted in stronger oxidation resistance for XPE/PE blends. The mechanical strength and toughness of the blends were not affected by changing the vitamin E content in the matrix. Stabilizing UHMWPE with higher vitamin E content may extend the service life of UHMWPE implants. ß
Highly cross-linked ultra-high molecular-weight polyethylenes (UHMWPEs) are used widely in total joint replacements.
Radiation crosslinking decreases UHMWPE wear 1, 2 and reduces significantly the resorption of periprosthetic bone (osteolysis) caused by wear debris. 3, 4 However, high-dose ionizing radiation generates long-lived residual free radicals that become trapped in the crystalline regions of UHMWPE. 5, 6 These free radicals are precursors to oxidative embrittlement, and they lead to the deterioration of mechanical and wear properties. 7 Oxidative resistance is thus a prerequisite for the longevity of UHMWPEs used as bearing surfaces.
The current understanding of UHMWPE oxidation is based on a series of cyclic reactions involving residual free radicals and diffused oxygen. 8 Macroalkyl free radicals induced by radiolytic cleavage of C-H bonds react with diffused oxygen to form peroxy radicals, which can attack other polyethylene chains and induce new macroalkyl free radicals. 9 In the interim, the peroxy radicals become hydroperoxides, which decompose into carbonyl-containing species that are detected as oxidation. 10, 11 This is why the substantial elimination or stabilization of trapped residual free radicals has been a key focus area of contemporary technology for UHMWPE joint implants. 12, 13 However, there is recent evidence that unexpected in vivo and in vitro oxidation occurs in UHMWPE liners that have no detectable free radicals. 14, 15 The consequences of this oxidation on the deterioration of clinically relevant properties such as wear and fatigue resistance are not yet clear but these results suggest that previously unknown mechanisms of oxidation initiation may exist in vivo. It was discovered recently that the absorption of synovial fluid lipids and cyclic loading may be feasible mechanisms of oxidation initiation in UHMWPE, even in the absence of radiation-induced residual free radicals. 15, 16 Whatever mechanism is discovered to be predominant in the coming years based on analysis of larger cohorts of retrievals, antioxidant stabilization of radiation crosslinked UHMWPEs is desirable to actively protect UHMWPEs against oxidation.
The antioxidant vitamin E has been used successfully to stabilize the residual free radicals in radiation cross-linked UHMWPE instead of post-irradiation melting. [17] [18] [19] A common method of vitamin E incorporation involves blending it with UHMWPE powder before consolidation and irradiation. [20] [21] [22] The main advantages of this are accurate control of vitamin E content and ease of processing. However, the concentration of vitamin E in the blends is limited to 0.2-0.3 wt%. This is because vitamin E can also act as a scavenger of radiation-induced free radicals and decrease the crosslinking efficiency of UHMWPE. 20, 21, 23 The radiation dose must also be increased compared to that used in UHMWPE without antioxidants in order to achieve the desired cross-link density and the desired wear resistance. Some vitamin E may be transformed during irradiation, which decreases its activity against oxidation in the longer term. Maintaining a high amount of active vitamin E is desirable in order to stabilize detectable free radicals generated by irradiation, and it ensures that enough vitamin E in the UHMWPE can be preserved to work against other oxidation mechanisms in vivo. This would help achieve maximum oxidation resistance for UHMWPEs blended with vitamin E.
A recent study examined the effects of adding preirradiated, vitamin E-blended UHMWPE powder (XPE) into an unirradiated, vitamin E-blended UHMWPE matrix (PE) to act as a "self-reinforcing" agent. 24 This method results in domains of previously crosslinked UHMWPE containing vitamin-E embedded in a matrix of uncrosslinked UHMWPE also containing vitamin-E (Fig. 1) . The oxidative stability of XPE/ PE blends were significantly better than the vitamin E-blended, consolidated, and uniformly irradiated UHMWPE, and their wear resistance did not deteriorate. The enhanced oxidation stability was attributed to the combination of the limited radiation exposure of the vitamin E and the elimination of detectable free radicals in the final one-step consolidation. That study also found that different amounts of vitamin E can be used in both irradiated and unirradiated portions of the blends, which is another advantage of this method. Therefore, our first hypothesis for this study was that increasing the concentration of vitamin E in the unirradiated PE matrix could further improve the oxidation resistance of XPE/PE blends by increasing the active vitamin E content without radiation exposure. In addition, the XPE/PE blends also showed wear rates comparable to those of highly cross-linked virgin UHMWPEs, which have had success in reducing the incidence of osteolysis in patients with total hip implants. 4 Thus, our second hypothesis was that the higher content of vitamin E in the blends would not compromise the wear resistance.
MATERIALS AND METHODS
We prepared blends of unirradiated vitamin E-blended GUR1020 UHMWPE (PE) and irradiated 0.1 wt% vitamin E-blended GUR1020 UHMWPE (XPE) and consolidated those blends. Formulation factors were the radiation dose of the 0.1 wt% vitamin E-containing UHMWPE powder, the ratio of the irradiated powder in the blend, and the vitamin E concentration in the unirradiated polyethylene matrix (PE) ( Table 1) . We determined wear resistance by using a bidirectional pin-on-disc (POD) device. The vitamin E index and grafting percentage were determined by using Fourier Transform Infrared (FTIR) Spectroscopy. Oxidation resistance was assessed by accelerated aging in the presence of squalene and by measuring oxidation induction time. Mechanical strength was assessed by using tensile mechanical testing and IZOD impact testing.
Preparation of XPE/PE Blends
Medical grade GUR1020 UHMWPE powder containing 0.1 wt % vitamin E was first irradiated using a 3.0 MeV electron beam at a rate of 50 kGy/pass to 150 and 200 kGy (High Voltage Research Laboratory, Massachusetts Institute of Technology, Cambridge, MA). All formulations containing 150 kGy irradiated powder were blended at 50 wt% with unirradiated, vitamin E-blended UHMWPE (XPE1), and all formulations containing 200 kGy irradiated powder was blended at 20% with unirradiated, vitamin E-blended UHMWPE (XPE2). (Table 1 ). The unirradiated, vitamin E blend portion contained 0.1, 0.5, or 1.0 wt% of vitamin E ( Table 1) . These blends (100 g of each) were consolidated into cylindrical pucks (diameter ¼ 10 cm; thickness ¼ 1.1 cm) by using a laboratory press (Model No. 3895, Carver Inc., Wabash, IN) with pre-heated platen to 184˚C for 15 min at 20 MPa. The pucks were crystallized under pressure at about 0.5˚C/min.
Vitamin E-blended PE matrix controls (0.1, 0.3, 0.5, and 1.0 wt%; n ¼ 2 each) were prepared and were compression molded. One puck of each was irradiated using 125 kGy (irradiation dose controls) and one puck of each was irradiated to 125, 200, or 250 kGy, respectively (wear rate controls, Table 2 ). For the sake of brevity, the controls were denoted as VE PE-D, where VE is vitamin E content in the irradiated puck, and D is the radiation dose. For example, 0.3VE PE-200 kGy refers to the 0.3 wt% vitamin E-blended, consolidated, and 200-kGy irradiated control.
All samples used for further testing were machined in their respective sizes from the compression molded pucks.
Wear Resistance
Bi-directional pin-on-disc (POD) wear testing was performed on an MTS machine (Eden Prairie, MN) in undiluted bovine serum. Cylindrical pins (9 mm diameter and 13 mm long, n ¼ 3 each) were machined (Eastern Tools Inc., Medford, MA) and tested for wear with a cross-shear, rectangular pattern (5 Â 10 mm) against polished CoCr discs at 2 Hz as described previously. 25 The pins were cleaned and weighed before testing and again at approximately every 0.157 million cycles (MC) after the first 0.5 MC up to a total of 1.12 MC. Wear rate was determined by a linear regression of the weight loss as a function of the number of cycles from 0.5 to about 1.12 MC.
Vitamin E Index and Graft Percentage
Cubes (1 Â 1 Â 1 cm) machined from as-prepared pucks were microtomed into 150 mm thin sections. Three of the microtomed sections were scanned across their depth with the UMA-500 FTIR microscope in 100 mm (0-2 mm and 8-10 mm) and 500 mm (2-8 mm) intervals. Vitamin E indices were calculated as the average ratio of the areas under 1,245-1,275 cm À1 to the absorbance over 1,895-1,985 cm
À1
from each collected spectrum. The thin sections were then boiled under reflux in hexane for $16 h and subsequently dried under vacuum for $24 h to extract unbound species.
The graft percentage was calculated as the ratio of the PARTIAL CROSS-LINKING OF UHMWPE vitamin E index after hexane extraction to that before hexane extraction.
Oxidation Resistance by Accelerated Aging Cubes (1 Â 1 Â 1 cm) machined from the as-prepared pucks were doped with squalene (S3626; Sigma-Aldrich, Co., St. Louis, MO) in a convection oven at 120˚C for 2 h Accelerated aging (n ¼ 3 each) was performed in 5 atm pure oxygen at 70˚C for 14 days. These aged cubes were cut at the center and microtomed into 150 mm sections. They were extracted in 200 ml boiling hexane under reflux for 16 h and then vacuum dried for 24 h. Infrared spectra collected by the UMA-500 FTIR microscope were scanned across the depth of each thin section in 100 mm (0-2 and 8-10 mm) and 500 mm (2-8 mm) intervals, with each spectrum recorded as an average of 32 individual infrared scans. Oxidation was quantified by an oxidation index, which was calculated as the ratio of the areas under 1,680-1,780 cm À1 to the absorbance over 1,370-1,390 cm À1 . The maximum oxidation index was defined as the maximum value of the oxidation index.
Oxidation Resistance by Oxidation Induction Time
The oxidation induction time (OIT) was determined using a differential scanning calorimeter (Discovery TM , TA Instruments, Newark, DE), which was calibrated by using indium as the standard. The test was performed in accordance with an ISO standard (ISO11357-6: 2002). Small samples ($5 mg, n ¼ 3 each) were placed in an uncovered T 0 pan and heated from 20 to 200˚C at a rate of 20˚C/min under a nitrogen flow of 50 ml/min. After maintaining nitrogen flow for 5 min at 200˚C to attain thermal equilibrium, the gas was then switched to oxygen at a flow rate of 50 ml/min (marked as the start point of the experiment). The onset of oxidation (exothermic reaction) was recorded as the OIT in minutes, and was determined as the intercept of the extended baseline and the steepest tangent drawn to the exotherm.
Mechanical Properties (Impact Strength, Elongation-at-break, Ultimate Tensile Strength, Yield Strength) The specimens (n ¼ 5 each) were machined into 63.5 Â 12.7 Â 6.35 mm 3 bars and double notched to a depth of 4.57 AE 0.08 mm according to ASTM F648. The test was performed by using a CEAST 9050 impact pendulum (Instron, Norwood, MA). The energy loss of the pendulum after impacting was recorded for the calculation of the impact strength in kJ/m 2 . Type V samples (n ¼ 6) were stamped out of 3.2 mm thin sections according to ASTM-D638 for XPE/PE blends. Uniaxial tensile testing was conducted (Insight TM , MTS, Prairie, MN) with a crosshead speed of 10 mm/min. The stress and strain were recorded at 100 Hz, and the gauge length was monitored by using a laser extensometer. The ultimate tensile strength (UTS), yield strength (YS), elongationat-break (EAB), and work-to-failure (WF) were calculated.
Crystallinity DSC measurement of XPE/PE blends was carried out on a discovery differential scanning calorimeter (TA Instruments, Newark, DE) under a nitrogen flow of 50 ml/min, which was calibrated by indium as the standard. Small samples (3-6 mg, n ¼ 3 each) were placed in Tzero pans and heated from À20˚C to 180˚C at 10˚C/min, cooled down to À20˚C at À10˚C/min, and heated again to 180˚C at 10˚C/min. Heat flow as a function of time and temperature was recorded and the cycles are referred to as 1st heat, 1st cool, and 2nd heat. Peak temperature was taken as the melting temperature (T m ) of the polymers. Crystallinity was calculated by normalizing the enthalpy from 20 to 160˚C of the 1st heating curve by the fusion heat of 100% crystalline polyethylene (291 J/g).
Statistical Analysis
Student's t-test was conducted using two-sample equal variance and two-tailed distribution, and statistical significance was assigned to p < 0.05. A post hoc power analysis showed that the analysis was >99% powered to detect differences assigned significance in all cases except the comparison of the wear rate of the radiation dose controls 0.3VE 125 kGy and 0.1VE 125 kGy, which had 59% power.
RESULTS

Wear Resistance
Wear rate of the radiation dose controls (PE-125 kGy) increased significantly with increasing vitamin E content ( Fig. 2 ; p < 0.05). The wear rates of the wear rate controls were comparable to that of 0.1VE PE-125 kGy. In contrast, the wear rate of XPE/PE blends was not affected by increasing vitamin E content in the PE matrix from 0.1 to 1.0 wt% ( Fig. 2 ; p ¼ 0.61 for 50 wt% 150 kGy XPE/PE blends and p ¼ 0.23 for 20 wt% 200 kGy XPE/PE blends). The wear 
Vitamin E Index and Graft Percentage
The vitamin E index, as measured by FTIR, increased as a function of increasing vitamin E concentration in the PE matrix ( Fig. 3 ; p < 0.0001 for XPE1 blends and p < 0.0004 for XPE2 blends) and increasing the PE fraction in the blends (p < 0.0005). For the irradiation controls, increasing radiation dose reduced the vitamin E index. For example, vitamin E index of 0.3VE PE controls decreased from 0.013 to 0.011 (p ¼ 0.034) when increasing radiation dose from 125 to 200 kGy; and vitamin E index of 0.5 VE PE control decreased from 0.037 to 0.026 (p < 0.001) when increasing radiation dose from 125 to 250 kGy. The XPE/PE blends showed very little or almost no grafting of vitamin E, regardless of the fraction of XPE and vitamin E concentration in the PE matrix (Table 3 ). In contrast, the graft percentage of the wear rate controls was more than 90% (Table 3) . Graft percentage of the XPE/PE blends containing 0.1 wt% vitamin E in the PE matrix and that of 0.1VE PE-125 kGy could not be calculated because the vitamin E index of those samples was below the detectable limit by FTIR before and after hexane extraction.
Oxidation Resistance
The control 0.1VE PE-125 kGy doped with squalene oxidized after 14 days of accelerated aging (p ¼ 0.002), while 0.3VE PE-200 kGy and 0.5VE PE-250 kGy did not show appreciable oxidation (Fig. 4) . None of the XPE/PE blends had increased oxidation compared to their unaged counterparts (p > 0.05 for XPE1 blends and p > 0.1 for XPE2 blends).
The wear rate controls 0.3VE PE-200 kGy and 0.5VE PE-250 kGy showed longer OIT than 0.1VE PE-125 kGy; p < 0.00001; Fig. 5 ), although they were irradiated using higher radiation doses. When increasing vitamin E concentration in the PE matrix, significant increase of OIT was observed in the XPE/PE blends ( Fig. 5 ; p < 0.0001). All XPE/PE blends except the XPE1 with 0.1 wt% vitamin E in the matrix had significantly higher OIT than the wear rate controls (p < 0.0001). In addition, the said blend also had a higher OIT compared to that of 0.1VE PE-125 kGy (p < 0.0001).
Mechanical Properties (Impact Strength, Elongation-at-Break, Ultimate Tensile Strength, Yield Strength) The impact strength of XPE2 blends was higher than that of the XPE1 blends, regardless of the vitamin E concentration in the PE matrix (Table 3 ; p < 0.00001). Increasing the vitamin E concentration of the PE matrix increased the impact strength for both XPE1 and XPE2 blends (p ¼ 0.009 and 0.0008 for 0.5 and 1.0 wt% vitamin E in the PE matrix compared to that of the blend with 0.1 wt% vitamin E in the PE matrix for XPE 1 and p ¼ 0.002 and 0.006 for 0.5 and 1.0 wt% vitamin E in PE matrix for Among the wear rate controls, the ultimate tensile strength (UTS) decreased for the 0.3VE PE-200 kGy and 0.5VE PE-250 kGy compared to that of 0.1VE PE-125 kGy (p < 0.0001). Similarly, the elongation at break (EAB) was significantly decreased from for both 0.3VE PE-200 kGy and 0.5VE PE-250 kGy (p < 0.00004). As a result, the work-to-failure (WF) of 0.3VE PE-200 kGy and 0.5VE PE-250 kGy decreased (p < 0.001). The UTS of the XPE/PE blends were slightly higher with increasing vitamin E content in the PE matrix (p ¼ 0.02 and p ¼ 0.14 for XPE1 blends with 0.5 and 1.0 wt% vitamin E in the PE matrix compared to that containing 0.1 wt%, respectively and p ¼ 0.0003 and p ¼ 0.006 for XPE2 blends of the same). XPE2/ 0.5VE PE blends and XPE2/1.0VE PE blends showed better EAB and WF in comparison to that of 0.5VE PE-250 kGy (p < 0.00001 and p < 0.01). The yield strength (YS) of XPE/PE blends was comparable to that of 0.3VE PE-200 kGy and 0.5VE PE-250 kGy and was slightly higher than that of 0.1VE PE-125 kGy.
Crystallinity
The crystallinity of XPE1 and XPE2 blends were similar to each other and both were slightly lower than that of wear rate controls (Table 3) .
DISCUSSION
Oxidation is one of the main factors responsible for the failure of irradiated UHMWPE in joint replacements, because it causes increased wear, embrittlement, and delamination. 5, 26 Currently, retrieval analysis is showing that for conventional and cross-linked UHMWPEs prepared without antioxidants, there is detectable oxidation after the first decade of service. [27] [28] [29] While the rate of oxidation of the materials can be at varying rates, it is safe to assume that there is a finite rate of oxidative degradation of their clinically relevant properties such as fatigue toughness and wear resistance. Therefore, antioxidant stabilization has gained widespread use in the manufacturing of joint implants with the potential of decreasing oxidation rates in crosslinked UHMWPEs.
Several types of vitamin E-stabilized UHMWPE implants have been introduced into clinical use since 2007. 17 In vitro studies have shown that vitamin E-stabilized UHMWPEs have promising oxidation resistance. 20, 30, 31 Furthermore, the mechanical properties and fatigue strength of vitamin E-stabilized UHMWPEs are superior to irradiated and melted UHMWPEs because they avoid the decreased crystallinity that results from melting subsequent to irradiation. 18, 20, 32 All of the above advantages suggest that vitamin E-stabilized UHMWPE is an effective choice for a bearing surface. The main concern with UHMWPEs that are blended with vitamin E before further processing, including irradiation, is the reduced crosslinking efficiency that occurs as the antioxidant content increases. Although exposing the UHMWPE to a higher radiation dose could compensate for the loss of wear resistance (Fig. 2) , it also results in the active vitamin E in wear resistant UHMWPE being increasingly consumed. Thus, there must be a balance between increasing the wear resistance of the irradiated UHMWPE and ensuring a sufficient concentration of vitamin E is present.
A previous study showed that incorporation of irradiated powder (XPE) effectively improved the wear of PE. 24 Radiation dose and the fraction of XPE in the blends were determined to be factors governing the wear rate. Thus, we hypothesized that increasing the vitamin E concentration in the unirradiated PE matrix of the blends would not adversely impact the wear of XPE/PE blends while maintaining their mechanical properties and improving their oxidative stability. The comparable wear rates of both 50 wt% 150 kGy XPE/ PE (XPE1) blends and 20 wt% 200 kGy XPE/PE (XPE2) blends containing 0.1-1.0 wt% vitamin E in the PE matrix (Fig. 2) supported our hypothesis. This is because most of the vitamin E resided in the matrix; hence was not exposed to irradiation and, therefore, did not interfere with radiation cross-linking responsible for the decrease in wear. The decrease in wear rate in these self-reinforced matrices presumably was a result of the crosslinked XPE domains (Fig. 1) .
Retention of the "active" or detectable vitamin E in materials associated with high oxidative stability is another advantage of using XPE/PE blends. The decreased vitamin E index that occurred with an increased radiation dose for the irradiated controls suggests that high-dose irradiation resulted in consumption and/or transformation of vitamin E in UHMWPE (0.3VE PE-125 kGy vs. 0.3VE PE-200 kGy and also 0.5VE PE-125 kGy vs. 0.5VE PE-250 kGy). In contrast, the vitamin E index of XPE/PE blends was significantly higher than that of the wear rate controls (Fig. 3) . Thus, we were able to show that the activity of the vitamin E in the XPE/PE blends was not affected as severely as the vitamin E exposed to high doses of irradiation, because only a fraction of the polymer (XPE) was exposed to irradiation.
Irradiated UHMWPEs containing antioxidants have shown antioxidant grafting. 33 Antioxidant immobilization in the UHMWPE by grafting may be desirable to prevent migration, if there is any, out of the component over time and when in contact with bodily fluids. No appreciable grafting in XPE/PE blends in contrast to the high graft percentage of irradiated controls (Table 3) was expected, because only a small fraction of the vitamin E (in the cross-linked XPE domains) in these materials was exposed to radiation. In addition, it was likely that the grafted vitamin E in the irradiated domains of the blend (XPE) could not be detected well because it was below the detection limit of the FTIR technique used to measure vitamin E. It was also shown previously that the fraction of grafted vitamin E is higher at lower vitamin E concentration, 34 which suggests there still may be some undetectable amount of grafted vitamin E in these blends. In addition, these blends are likely to be sterilized by low dose gamma irradiation, which may result in additional vitamin E grafting.
The oxidation resistance of the XPE/PE blends and the controls was first evaluated by accelerated aging in the presence of squalene. It was shown that the synovial fluid lipid squalene could act as a pro-oxidant in highly cross-linked UHMWPEs without antioxidant stabilization even when detectable radiation-induced free radicals were eliminated before implantation. 16 Accordingly, we recently proposed this in vitro aging model incorporating squalene as a more aggressive aging challenge for classifying the oxidative stability of UHMWPE materials compared to conventional standard in vitro aging (ASTM F2003). Compared with XPE/PE blends containing 0.1 wt% vitamin E, the perceptible oxidation of 0.1VE PE-125 kGy confirms our concern that part of the vitamin E may be consumed during irradiation, thereby reducing its activity against further oxidation (Fig. 4) . This also suggests that 0.1 wt % vitamin E did not have sufficient vitamin E activity after high dose irradiation to stabilize UHMWPE against the oxidative reactions under these conditions. No oxidation was observed in the XPE/PE blends and wear rate controls with vitamin E concentrations of 0.3 and 0.5 wt% (Fig. 4) . It is important to note accelerated aging with squalene is not predictive of in-vivo oxidation rates. Oxidation induction time (OIT) has been PARTIAL CROSS-LINKING OF UHMWPE widely used in industry to predict the service time of antioxidant-stabilized industrial polymer products, such as pipes and cables. The OIT of XPE/PE blends was significantly higher than that of the wear rate controls for the samples containing similar vitamin E content ( Fig. 5; i.e., XPE1/0.5VE PE blends vs. 0.3VE PE-200 kGy; XPE1/1.0 VE PE blends and XPE2/0.5 VE PE blends vs. 0.5VE PE-250 kGy). This is attributed to the preservation of more active vitamin E in XPE/PE blends, and the quenching of the free radicals by the final melt-processing, which has been discussed in detail elsewhere. 24 The results of accelerated aging in the presence of squalene and OIT testing supported our hypothesis that high vitamin E concentration in UHMWPE would considerably improve the oxidation resistance.
The loss of tensile mechanical properties of the wear rate controls when the irradiation dose exceeds 125 kGy (Table 3) is because relatively high dose irradiation is required to offset the loss of crosslink density in uniformly crosslinked UHMWPEs with high vitamin E concentration. In contrast, additional radiation exposure was avoided in XPE/PE blends because increasing vitamin E concentration had little effect on the wear rate (Fig. 2) . Hence, the part of our hypothesis that the tensile mechanical properties of XPE/PE blends would not be affected by increasing vitamin E concentration in the PE matrix was supported by our results, which showed that the XPE/PE blends with vitamin E concentration in PE matrix ranging from 0.1 to 1.0 wt% had comparable tensile mechanical properties to each other (Table 3) .
One concern about the XPE/PE blends is the cohesion between the XPE and the surrounding PE. Crosslinks in the amorphous phase of XPE hinder the molecular mobility of UHMWPE chains, which would lead to a decrease in interparticle diffusion between XPE and PE powders. Despite this, the tensile mechanical properties, of XPE2 blends, with the exception of UTS, were superior to the uniformly crosslinked vitamin E-blended UHMWPEs (Table 3) . Moreover, the overall tensile properties also depended on the fraction of XPE in the blends. As shown previously, by adjusting the radiation dose and fraction of XPE in the blend, we obtained XPE/PE blends with comparable wear rate and tensile properties to 100 kGy irradiated and melted virgin UHMWPE, which has been used successfully in total joint implants over the past decades. 2, 35 It is possible to obtain highly oxidative resistant XPE/PE blends by increasing vitamin E concentration in the PE matrix without sacrificing the wear resistance and mechanical properties.
Compression-tension fatigue is a major mode of damage in joint implants, and it is prevalent in knee and hip components, although tensile mechanical testing is a general indicator of the strength of these vitamin E-blended materials. 22 One recent study showed that fatigue toughness was linearly correlated with the impact toughness of irradiated, vitamin E-blended UHMWPEs. 36 We determined that the impact toughness of vitamin E-blended UHMWPE showed a remarkable decrease after exposure to high-dose radiation, while XPE/PE blends, particularly XPE2 blends, had higher impact toughness (Table 3 ). It appears that the overall ability for XPE/PE blends to absorb stress is close to that of the unirradiated PE matrix when there is a lower amount of XPE. The result that impact toughness is higher for XPE/PE blends than for irradiated vitamin E-blended UHMWPEs when compared to the tensile strength also suggests the adhesion between XPE and PE granules is not the only factor affecting fracture toughness. Presumably, the presence of XPE as a reinforcing phase may play a role in the crack growth arrest, which may improve the fracture toughness and fatigue crack propagation resistance. The correlation between fatigue toughness and impact toughness for XPE/PE blends needs further study.
CONCLUSION
We prepared wear-resistant vitamin E-containing UHMWPEs by mixing irradiated powder with unirradiated powder containing vitamin E concentrations up to 1 wt%. The activity of vitamin E in the unirradiated matrix of the XPE/PE blends was unaffected by irradiation, improving the oxidation stability of XPE/ PE blends. The wear resistance and mechanical properties of the XPE/PE blends were not compromised by increasing vitamin E concentration. These results are promising, because this methodology may enable us in designing UHMWPE joint implant formulations with high active antioxidant concentrations in vivo, leading presumably to longer service life against oxidation.
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